This study was carried out to verify the applicability of variable rate fertilization (VRF) based on soil testing and diagnosis of rice plant growth for high quality rice production of var. Chucheongbyeo at the farm level. The field trials were conducted at Icheon in Gyeonggi province on a 10 ha farm consisting of 45 experimental fields. For comparative study, 15 field trials were carried out adopting fertilizer management (FPM) practices currently used by farmers. FPM fields were managed by each rice grower using current cultivation methods, but in each VRF field fertilizer application was prescribed using soil test results and the amount of N fertilizer for top-dressing at panicle initiation stage was calculated using rice growth value at that stage. In VRF fields, the total amount of N fertilizer application was less (72 kg ha ). However, the amount of K2O fertilizer application was more in VRF fields (60 kg ha ). The amount of P 2 O 5 fertilizer application was similar between the VRF and FPM fields. Plant height was significantly shorter and the number of tillers was significantly more at VRF fields than at the FPM fields. Coefficient of variation (CV) of each growth characteristic measured in VRF was lower than that of FPM fields at panicle initiation stage. There was no difference in culm and panicle length and panicle number between them at the grain filling stage, but CV of panicle numbers per m 2 decreased in VRF compared with that of the FPM fields. Rice yield was not different between VRF and FPM fields despite higher brown rice recovery and 1,000-grain weight in VRF fields. Under VRF management, head rice yield increased due to an increase in head rice ratio accompanied by a reduction in brown rice protein content and variation of quality characteristics. These results suggest that VRF application based on soil tests and measurement of rice growth value at panicle initiation stage has the potential for quality control and production of high quality rice through increasing uniformity of growth and reducing the variability in quality among individual fields.
Introduction
Rice (Oryza sativa L.) production in Korea has declined from 5.6 million tons in 1990 to 4.9 million tons in 2009 (KOSIS 2009) . Such a decline, despite a record breaking yield in 2008 and increases in production per unit area, can be attributed to a significant decrease in the rice cultivation area. Annual rice consumption per capita has steadily decreased from 119.6 kg in 1990 to 74.0 kg in 2009 by the westernization of Korean's eating habits (MIFFAFF 2009) . Under the new WTO agreement, mandatory import quota will increase annually from 225,575 tons in 2005 to 408,700 tons by 2014. Ten percent of quotas in 2005 were sold to the market, increasing to 30% in 2010 and to be maintained at this level until 2014. Considering the declining Jae-Hong Lee ( ) E-mail: jhlee26@gg.go.kr Tel: +82-31-229-6172 / FAX: +82-31-923-8339 trend in rice consumption and increasing Korea's import quotas, instability of rice stockpiles and price will remain an issue facing the rice industry for several years.
For the rice industry to remain competitive against imports, improvement in rice quality is considered as a high priority. The guideline for inscription of rice quality information about variety, head rice ratio, and protein content on rice packaging came into effect in 2008 to encourage consumer acceptance and to stimulate quality rice production. Although rice quality is not easy to define as it depends on the consumer's preferences and the intended end use of the product, the appearance of milled rice is an extremely important factor for the consumer to judge rice quality. Consumers want the best quality that they can afford and as countries reach self-sufficiency in rice production, the demand for better quality rice has increased (Barker and Dawe 2002) .
Grain quality is not only dependent on the variety of rice, but also depends on the crop production environment, fertilizer application, harvesting, processing, and milling processes. Nitrogen application amount and timing affects not only nitrogen uptake by the plant but also the crude protein content in the grain and this varies with different varieties (Das Gupta 1972; Perez et al. 1996) . Increased protein content is known to change the appearance, processing, cooking, and taste quality of rice.
To improve rice quality, fertilization, especially nitrogen management, can be the most important factor as it affects protein content and head rice ratio. Nitrogen fertilizer applied at optimum rate increases head rice yield and results in optimum protein content.
The amylose content of rice is considered as another main parameter of cooking and eating qualities (Juliano 1972) . Amylose content influences many starch properties, volume expansion, and the water absorption of rice (Juliano 1979) .
There are few studies to verify the benefits of VRF management based on soil testing and rice growth diagnosis to produce uniform high quality rice at the farm scale. Recent research conducted in other countries (Angus et al. 1990; Dobermann et al. 2002; Wang et al. 2001; Wopereis et al. 1999) has demonstrated limitations of the current approach of fixed-rate, fixed-time fertilizer recommendations for large areas. This approach does not take into account the existence of large variability in soil nutrient supply and crop response to nutrients among, or even within, farms. The specific objectives of this research were to quantify the reduction in the variability of rice yield and yield components, and improvements in rice quality in experiments conducted on 60 individual (45 VRF and 15 FPM) fields.
Materials and Methods
On-farm experiments were conducted to evaluate the benefits of variable rate fertilizer (VRF) application management compared with farmers' fertilizer management (FPM) practices in 2007 at Icheon, Gyeonggi province. The VRF experiments were conducted on a 10 ha farm consisting of 45 fields and were managed by the researcher. The FPM experiments were conducted on 15 fields of comparable size to VRF fields and were managed by 17 farmers with no interference by the researcher. In order to minimize the impact of spatial differences in soil and environmental conditions on the results, all experimental fields were situated within a 20 ha site. Certificated seed, Chucheongbyeo variety, was used for sowing on 20 to 22 April after seed disinfection treatment. Fifteen soil samples were initially collected in each field to determine general soil properties in the 0 to 15 cm depth. Soil samples were analyzed by soil and plant analysis method (NIAST 2000) after drying in shade and sieving with 2 mm sieve. Soil pH was measured using pH electrode and organic matter and available phosphate content was determined by Tyurin and Lancaster methods, respectively. Soil cation exchangeable capacity was analyzed with ICP analyzer after extracting with 1N-NaOAc. The mean, standard deviation and coefficient of variation of soil chemical properties before the field experiment are given in Table 1 . In VRF experiment, fieldspecific N-P 2O5-K2O fertilizer application rates were calculated by fertilizer prescription method (NIAST 2006) based on soil testing results prior to rice cultivation season. Fertilizer prescription amounts were based on the following equations; N (kg ha Total field requirement of N, P 2 2O5, and K2O fertilization amounts were calculated by soil testing, but 120 kg ha -1 was set as a maximum limit for N rate and 30 kg ha -1 was applied as minimum amount for P2O5 and K 2 O. Nitrogen (N) split rates were 50% as basal application; 20% at tillering stage 14 days after transplanting; and in VRF experiment, the third N application at panicle formation stage was determined using plant growth value [plant height (cm) x the number of tillers per m 2 x SPAD reading] and using a constant value of 7.5 for brown rice protein content ); 7.5 = 7.379403 -(5.27E-7) -0.013291ß + (3.025355E-13)
where is the plant growth value at panicle initiation and ß is the N fertilization rate at panicle initiation stage. Plant growth value was calculated by the product of plant height (cm) the number of tillers per m 2 x SPAD reading. These readings were calculated as the average value of 20 plant samples replicated at three locations within each field. All P2O5 fertilizer and 70% of K2O fertilizer were applied with basal N fertilizer before paddy field preparation, and 30% of K2O fertilizer was applied mixed with N top-dressing fertilizer prescribed by plant growth analysis at panicle initiation stage. Upper limit of N was 120 kg ha -1 to avoid heavy fertilization and P 2 O 5 and K 2 O was limited to a minimum of 30 kg ha -1 when large quantities of available P 2 O 5 and K2O existed in the paddy field soil.
Basal fertilizers were applied from 14 to 15 May and incorporated into soil by puddling. Twenty-six-day-old rice seedlings were transplanted over 8 days with row spacing of 30 cm and hill spacing of 16 cm. Top-dressing at tillering stage and panicle formation stage were applied from 1 to 4 June and from 23 to 24 July, respectively, over the entire experimental fields. Incidence of pests, weeds, and insects were minimized by two chemical applications for weeds, and three applications for pests and insects from transplanting to panicle formation stage. Rice growth, yield, and yield components were measured according to the 'Agricultural Science and Technology Research Guide' (RDA 2003) . Chlorophyll meter (SPAD-502 Minolta, Japan) readings (average of 20 samples with three replications within each field) were measured on the most recently matured leafs. Harvest time was from 8 to 9 December when cumulative daily mean temperature reached about 1,100°C after heading date. An area of 3.6 m 2 of each field was sampled and threshed with three replications. Threshed paddy was dried in shade to prevent over drying and loss of quality until the moisture content reached around 15%. Dried paddy was winnowed and hulled with testing husker (THU 35A, Satake, Japan). Brown rice was milled until the weight of milled rice reached 91.5% of the brown rice with milling machine for laboratory use (MCM-250, Stake, Japan). Grain appearance of milled rice was determined by grain inspector (Cervitec 1625, Foss, Sweden). Protein and amylose content of polished rice were analyzed by grain analyzer (AN-700, Kett, Japan), and taste value were measured by taste analyzer (MA-90B, Toyo, Japan). The other field managements not mentioned above was in accordance with 'High Quality Rice Production Manual of Chucheongbyeo' (Lee et al. 2007) .
Results and Discussion

Fertilizer use
The quantity of fertilizer applied in the variable rate fertilizer (VRF) fields and the farmers' fertilizer practice management fields (FPM) are shown in Table 2 . Ranges of applied N, P2O5, and K2O fertilizer rates in FPM fields were (77-130), (26-44), and (39-62) kg ha -1 , and in VRF fields (51-105), (30-76), and (30-105) kg ha -1 , respectively. Fertilizer use in the VRF was lower than that of FPM fields. Mean fertilizer use rates of N, P2O5, and K2O in VRF fields were 72, 33, and 60 kg ha -1 after adjusting for the actual soil fertility and rice growth status. However, the mean rate applied at FPM field for N, P2O5, and K2O were 103, 34, and 52 kg ha -1 (no adjustment for soil fertility or growth status). N fertilizer was reduced by 30% (31 kg N ha ).
Difference of fertilizer rates between VRF and FPM accurately accounted for the high N and low K fertility of the soils in the experimental farm. Basal N application amount of VRF was similar to that of FPM, but N top-dressing amounts at tillering and panicle initiation stages were 20 and 12 kg N ha -1 higher in FPM, respectively. On the other hand, P2O5 fertilizer use in VRF fields was almost the same as FPM fields. In the FPM fields, farmers felt that the standard amount of fertilization was not optimum for their fields and hence adjusted their fertilizer application amounts arbitrarily. The mean amount of N, P2O5, and K2O were lower by 7, 11, and 5 kg ha -1 , respectively, than the standard amount of fertilization. The use of low phosphate compound fertilizer was one of the reasons for lowering the amount of P2O5 fertilizer used. These results show that total amount of fertilizer used in VRF fields was significantly lower than the standard amount of fertilization further proving the benefits of VRF in reducing fertilizer use.
Rice growth and its variation
Comparison of rice growth characteristics at panicle initiation stage between VRF and FPM fields is shown in Table 3 . Mean plant height (72 cm) was lower at VRF than in FPM field (75 cm), while the number of tillers per m 2 at VRF (608) was higher than at FPM fields (556). There were no significant differences in SPAD readings and plant growth values between VRF and FPM. Leaf greenness is indicative of leaf nitrogen content and the product of leaf color and the number of tillers has a high correlation with the amount of N absorbed by the plant (Inada 1965; Matsushima et al. 1970; Matsuzaki et al. 1982) . Therefore, it appears that there is no difference in the amount of N absorbed by the plant between VRF and FPM despite a decrease in application rate of N at the tillering stage in VRF fields. CV of all rice growth characteristics, especially plant growth value, were lower in VRF than in FPM fields indicating a more uniform rice growth in VRF fields. Heading date and rice growth at the grain filling stage of VRF and FPM fields are shown in Table 4 . Although there was no difference in all measured rice growth characteristics, such as culm length, panicle length, and number of panicles, between VRF and FPM, CV of panicle number per hill and per m 2 were significantly higher at FPM (18.2 and 16.4) than at VRF (10.6 and 10.8). On the other hand, CV of culm length was not different between VRF and FPM, and CV of panicle length was higher at VRF than at FPM, but a higher CV of panicle length did not have any adverse impact on rice yield and quality. Low CV of panicle number per m 2 at VRF fields was also indicative of more uniform panicles at the grain filling stage as compared to FPM fields.
Rice yield and rice quality characteristics
Rice yield and yield components, number of panicle per m 2 (Table 4) , number of grain per panicle, and ripened grain ratio (Table 5) were not different between VRF and FPM. Despite high brown rice recovery and 1,000-grain weight of brown rice compared to FPM, rice yield at VRF was not higher than FPM. The N application rate influences the number of tillers formed and hence the rice grain yield (Wells and Faw 1978) . The amount of N at panicle initiation affects the number of spikelets per panicle and at full flowering affects 1,000-grain weight and ripening percentage (De Datta 1981) . The number of grain per panicle, ripened grain ratio, brown rice recovery, and 1,000-grain weight (Table 5) shows no evidence of nitrogen deficiency from panicle initiation to grain filling as a result of the reduction in N top-dressing in VRF at panicle initiation stage. However, higher brown rice recovery and 1,000-grain weight of brown rice explains better grain filling condition and could explain the improvement in rice quality. CV of grain number per panicle was lower at FPM (13.4%) than at VRF (9.1%). The low CV of grain number per panicle seemed to be related with low CV of panicle numbers (Table 4) . Although there was no significant difference in rice yield between VRF and FPM, the CV of rice yield at VRF (5.8%) was much lower than FPM fields (8.1%).
Rice quality characteristics measured in brown, milled, and cooked rice are shown in Table 6 . Head rice ratio of brown rice was not different between VRF and FPM, but head rice ratio of milled rice was higher than that of brown rice. Head rice ratio of milled rice was 94.7% at VRF being significantly higher than 88.4% at FPM. Head rice ratio and its difference between VRF and FPM increased by the milling process. On the other hand, protein content of brown rice at VRF was 6.9%, which was significantly lower than 7.1% at FPM. Nitrogen top-dressing rate at panicle initiation has a significant effect on grain yield and the protein content of milled rice ). The low protein content of brown rice in VRF appears to be as a result of reduced amount of applied N fertilizer. However, the difference in protein content was not evident in milled rice. Seed protein is highly distributed in aleurone layer, and the amount of soluble protein in rice endosperm has a significant effect on the texture of cooked rice (Tamaki et al. 1989; Zakaria et al. 2000) . There was no significant difference in the protein content of milled rice between FPM and VRF. The lower protein content of milled rice suggests that most of protein in aleurone layer was removed during the milling process and this process have a direct influence on appearance and ingredient quality. Head rice yield was higher by 0.26 t ha -1 due to the greatly improved head rice ratio at VRF than that of FPM. CV of head rice yield decreased from 11.2% at FPM to 5.7% at VRF an overall decrease of 49%. CV of protein content of milled rice significantly decreased from 6.3% at FPM to 4.7% at VRF. However, palatability between VRF and FPM measured by taste analyzer (MA-90B, Toyo, Japan) did not differ. There was no difference in the CV of palatability score between VRF and FPM.
Conclusions
The performance of variable rate fertilizer (VRF) management practice was compared with the current farmers' practice management (FPM) in experiments conducted on 45 VRF and 15 FPM fields at Icheon in Korea. The FPM fields were managed by 17 growers without any interference from the researcher. In the VRF treatments, the prescription rate for N, P2O5, and K2O fertilizer was determined based on soil testing. The importance of sufficient late-season N supply for achieving higher rice yield has been highlighted in other studies (BijaySingh et al. 2002; Peng and Cassman 1998; Perez et al. 1996) . In VRF experiments, the rate of N top-dressing rate at the panicle initiation stage was determined from plant growth diagnosis to optimize N-use efficiency and minimize losses through excessive application.
In VRF fields, N fertilizer use was reduced by 30%, despite an increase of 13% in K2O fertilizer use. The coefficient of variation (CV) of tiller and panicle number at VRF was lower than at FPM. There was no difference in culm length and panicle number between treatments at grain filling stage, but the coefficient of variation and the number of panicles per m 2 was significantly lower in VRF than in FPM fields. Rice yield at VRF was not different to FPM despite a higher brown rice recovery and 1,000-grain weight in VRF fields. Under VRF management, head rice yield was higher due to the significant higher head rice ratio accompanied by low protein content of brown rice and low variation of quality characteristics than under FPM. Mean milled rice yield between treatments did not differ, however, head rice yield was higher by 0.26 t ha -1 due to the greatly improved head rice ratio at VRF fields. Both CV of head rice yield and protein content at VRF were low and agronomic efficiency of applied N increased by about 40% at VRF than at FPM.
The results of this study supported by other site-specific nutrient management studies (Harmandeep et al. 2007) clearly show that VRF technology has the potential for quality improvement by reducing growth variability among individual fields, higher head rice yield, and lower protein content of rice. Furthermore, the use of VRF technology has the potential for reducing the amount of fertilizer used on farms resulting in considerable environmental and economic benefits.
